In this review, I examine the influence of nanoscale materials features on the hydrogen-metal interaction. The small system size, the abundance of surfaces/interfaces, and the spatial distribution of phases are the key factors to understand the hydrogen sorption properties of nanomaterials. In order to describe nanoscale-specific thermodynamic changes, I present a composition and atomic quantitative model applicable to every hydride-forming material, independently on its structure. The effects of surface free energy, interface free energy, and elastic constraint, are included in a general expression for the thermodynamical bias. In the frame of this model, I critically survey theoretical and experimental results hinting at possible changes of thermodynamic parameters, and in particular, enthalpy and entropy of hydride formation, in nanostructured Mg-based metallic compounds as compared to their coarse-grained bulk counterparts. I discuss the still open controversies, such as destabilization of ultra-small clusters and enthalpy-entropy compensation. I also highlight the frequently missed points in experiments and data interpretation, such as the importance of recording full hydrogen absorption and desorption isotherms and of measuring the hysteresis. Finally, I try to address the open questions that may inspire future research, with the ambition of tailoring the properties of hydride nanomaterials through a deeper understanding of their thermodynamics.
Introduction
Hydrides are a class of materials characterized by the presence of hydrogen (H) atoms bound with other elements in ionic (either negative H − or protonic H + ions), covalent, or metallic (interstitial) forms [1] . These materials have originally gained considerable attention by virtue of their reversible hydrogen sorption properties, which fueled the worldwide effort to develop safe and efficient hydrogen storage media for mobile applications [2, 3] . Hydride-forming metals are particularly fascinating because their atomic/electronic structure, and consequently many properties (thermal, optical, electrical, etc.), can be switched in parallel with the metal↔hydride transformation, i.e., by tuning the hydrogen pressure p(H 2 ) and temperature conditions. This unique feature has been exploited in several applications, such as smart sensors and windows [4] , hydrogen compressors without moving parts [5] , heat storage systems [6] , and cryogenic coolers [7] . Nickel-metal hydride batteries are the most successful commercial application of hydrides, powering 70% of the hybrid electric vehicles sold in 2014 [7] . Other exciting applications of hydrides in electrochemical energy storage are the use of complex borohydrides as solid electrolytes [8] and magnesium hydride conversion cathodes for lithium-ion batteries [9] .
Magnesium (Mg) and its hydride (MgH 2 ) surely represent one of the most studied metal-hydrogen systems [10, 11] . This is due to several attractive characteristics of Mg, namely the high
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In order to characterize the interaction of hydrogen with nanomaterials, a thorough description of both thermodynamics and kinetics of hydrogen sorption is required. The following sub-sections will separately treat nanoscale effects on thermodynamics and kinetics.
Nanoscale Effects on Thermodynamics
Thermodynamics essentially deals with the equilibrium behavior represented in a phase diagram and dependent on fundamental parameters such as the enthalpy and entropy of hydrogen solution in the host material and the enthalpy and entropy of hydride formation. Hydrogen solution in the metallic phase (usually denoted as α-phase) takes place up to a limiting composition MH x α , where the symbol M stands generically for the metallic element(s) and H for hydrogen. Above this limit, the hydride phase (usually called β-phase) starts to develop in coexistence with the α-phase until the composition MH x β is attained, at which the α-phase disappears. The corresponding reaction is:
The knowledge of thermodynamic parameters makes it possible to predict the concentration of hydrogen in the α-phase as a function of pressure and temperature and the temperature dependence of the plateau pressure where the α-and β-phases coexist in equilibrium. The plateau pressure of (1), for a bulk system, is given by the van 't Hoff equation:
where p eq,bulk is the pressure of hydrogen gas in equilibrium with the α-and β-phases at temperature T and R is the gas constant. Here ∆g 0 bulk represents the Gibbs free energy of reaction (1) at standard conditions (pressure p 0 ), and ∆G 0 bulk is the same quantity per mole H 2 . ∆H 0 bulk and ∆S 0 bulk are the enthalpy and entropy per mole H 2 .
Nanoscale effects may bring about a thermodynamical bias, i.e., a change of the reaction free energy with respect to the bulk:
Such a bias reflects into a shift of the equilibrium pressure, according to: ln p eq,nano p eq,bulk
I will now discuss the four main clues to induce a thermodynamical bias through the exploitation of nanoscale-specific features.
Surface Free Energy
The high surface area typical of nanoparticles (NPs), nanowires and uncapped thin films modifies the thermodynamics of hydride formation if the surface free energy of the metal differs from the hydride. The surface free energy is given by the surface area A multiplied by the specific energy per unit area, γ. Usually the surface area is larger in the higher-volume hydride phase, an exception being thin films that expand perpendicularly to the substrate plane. The thermodynamical bias is given by a summation over all surface elements according to:
where V M is the molar volume of M and V nano is the volume of the nano-system in the α-phase.
The subscripts ' MH x β i ' and ' MH x α |i ' denote the i-th surface element in the β-and α-phase, respectively. Equation (5) includes two separate summations because the equilibrium crystal shape of the nano-system in the β-phase can be different from that in the α-phase. Using density functional theory (DFT) and the Wulff construction, Sholl and co-workers have calculated the enthalpic contribution (δ∆H 0 ) sur to Equation (5) as a function of the NP radius for several metals [27] .
Their results are reproduced in Figure 1a . They also found that the enthalpy change normalized to the NP's surface area correlates with the value of the charge on the H atom for the metals Na, Mg, Al, Sc, Ti, and V, whereas Li deviates significantly from this trend. For Mg and Na, (δ∆H 0 ) sur is positive, meaning that the hydride is less stable due to surface effects, whereas the opposite occurs for Li, Al, Sc, Ti and V. For much smaller NPs composed of few metal atoms, DFT calculations from [28] , as shown in Figure 1b . Differently, Shevlin and Guo calculated that (MgH 2 ) n nanoclusters with 4 < n < 11 are more stable than the bulk [29] , pointing out the necessity to determine the true minimum energy structure. Using data mining techniques, they showed the presence of H atoms with 1-3-fold coordination and Mg atoms with 4-7-fold coordination in the (MgH 2 ) n nanoclusters. These minimum energy cluster structures therefore depart significantly from the bulk, where H and Mg are 3-fold and 6-fold coordinated, respectively. An example of this stabilizing reconstruction is given in Figure 1b for the cluster with n = 6 [29] . Quantum Monte Carlo simulations by Wu et al. provided a picture similar to Shevlin and Guo, suggesting that clusters with 6 ≤ n < 20 are stabilized compared to the bulk while a strong destabilization starts at n = 4 [30] . In summary, surface effects give rise to an enthalpy shift (δ∆H ) that can be negative or positive depending on the material under consideration. For MgH2, the calculations in [27] predict a destabilization of about 5 kJ/mol H2 in NPs with a radius of about 1 nm. The comparison between theory and experiments will be discussed in Section 3.1.1. For smaller (MgH2)n NPs composed of few metal atoms (n < 20), contrasting calculations were reported in the literature [28] [29] [30] . Clearly, the preparation, stabilization against sintering, and oxidation resistance of ultra-small MgH2 nanoclusters pose tantalizing challenges. Up to now, experiments have not assessed whether a stabilization or a destabilization of the hydride takes place in this extreme nanosize regime.
+15 kJ/mol H2 [28] −10 kJ/mol H2 [29] (a) (b) Figure 1 . (a) Variation of the hydride formation enthalpy as a function of the nanoparticle (NP) radius (>1 nm) relative to the respective bulk materials. The curves are drawn using the parameters calculated in [27] . As a reference, remind that a NP with r = 1 nm contains about 200 Mg atoms; (b) Atomic structures of (MgH2)6 clusters and corresponding (δ∆H ) values calculated by DFT, taken from Refs. [28] (top, B97 functional) and [29] (bottom, LDA functional), showing strong discrepancies among different authors. The green spheres represent Mg and the white spheres H. In both (a) and (b), positive (δ∆H ) values imply that the nano-hydride is less stable than the bulk hydride.
Interface Free Energy
In the previous section, I dealt with surfaces, i.e., specific solid-vapor interfaces. Equation (5) can be generalized to include all interfaces, in particular the solid-solid interfaces, which are ubiquitous in nanoscale materials. The general expression for the thermodynamical bias becomes:
where the summations now extend over all interfaces, including also surfaces as solid-vapor interfaces.
From the theory/modeling point of view, the problem rests in the determination of the relaxed interfacial structure and in the calculation of its thermodynamic parameters. This has been done for model metal-hydride and hydride-hydride interfaces with well-defined crystallographic orientation and coherent structure [31, 32] . Figure 2 depicts the case of specific Mg/TiH2 and MgH2/TiH2 interfaces [32] , which are relevant for the hydrogen sorption properties of Mg/TiH2 layered films and nanocomposites. In real systems, particularly in ball-milled materials, many different types of interfaces may be present. (a) Variation of the hydride formation enthalpy as a function of the nanoparticle (NP) radius (>1 nm) relative to the respective bulk materials. The curves are drawn using the parameters calculated in [27] . As a reference, remind that a NP with r = 1 nm contains about 200 Mg atoms; (b) Atomic structures of (MgH 2 ) 6 In summary, surface effects give rise to an enthalpy shift (δ∆H 0 ) sur that can be negative or positive depending on the material under consideration. For MgH 2 , the calculations in [27] predict a destabilization of about 5 kJ/mol H 2 in NPs with a radius of about 1 nm. The comparison between theory and experiments will be discussed in Section 3.1.1. For smaller (MgH 2 ) n NPs composed of few metal atoms (n < 20), contrasting calculations were reported in the literature [28] [29] [30] . Clearly, the preparation, stabilization against sintering, and oxidation resistance of ultra-small MgH 2 nanoclusters pose tantalizing challenges. Up to now, experiments have not assessed whether a stabilization or a destabilization of the hydride takes place in this extreme nanosize regime.
In the previous section, I dealt with surfaces, i.e., specific solid-vapor interfaces. Equation (5) can be generalized to include all interfaces, in particular the solid-solid interfaces, which are ubiquitous in nanoscale materials. The general expression for the thermodynamical bias becomes: where the summations now extend over all interfaces, including also surfaces as solid-vapor interfaces. From the theory/modeling point of view, the problem rests in the determination of the relaxed interfacial structure and in the calculation of its thermodynamic parameters. This has been done for model metal-hydride and hydride-hydride interfaces with well-defined crystallographic orientation and coherent structure [31, 32] . Figure 2 depicts the case of specific Mg/TiH 2 and MgH 2 /TiH 2 interfaces [32] , which are relevant for the hydrogen sorption properties of Mg/TiH 2 layered films and nanocomposites. In real systems, particularly in ball-milled materials, many different types of interfaces may be present. Equation (6) can be simplified if the number of interfaces does not change upon hydride formation/decomposition, as in a sandwiched thin film. In this case, one can use only one summation:
Moreover, it may also happen that the areas of the relevant interfaces undergo negligible changes. As an example, let us consider again a sandwiched thin film: if the clamping to the adjacent layers is strong enough, the volume change that accompanies hydride formation/decomposition takes place only through a change of the film thickness. The metal and the hydride then have the same interface areas Ai with the surrounding layers. Since the small lateral interfaces give a negligible contribution to the thermodynamical bias, it is possible to rewrite:
where ∆ ≡ | -| is the specific free energy difference between hydride and metal for the i-th interface. Equation (8) can be applied also to a hydride-forming particle with embedded inclusions that do not react with hydrogen. Finally, if it can be assumed that ∆ = ∆ ∀ , i.e., that all interfaces are equivalent as far as the specific free energy difference is concerned, the thermodynamical bias takes the simple form:
in which the first fraction is proportional to the metal molar volume (the proportionality constant being 1 for the Mg-MgH2 system), and the second fraction is a geometrical factor given by the ratio of the total area to the volume of the nano-object. For a film of thickness d this factor equals 2/d. Similar to the bulk free energy, the ∆ include enthalpy and entropy contributions:
Under the applicability conditions of Equation (9), one can see that the thermodynamical bias vanishes at a compensation temperature , which does not depend on the geometrical factor ⁄ and is given by:
where ∆ℎ and ∆ are the specific interface enthalpy and entropy difference, which are assumed to Equation (6) can be simplified if the number of interfaces does not change upon hydride formation/decomposition, as in a sandwiched thin film. In this case, one can use only one summation:
Moreover, it may also happen that the areas of the relevant interfaces undergo negligible changes. As an example, let us consider again a sandwiched thin film: if the clamping to the adjacent layers is strong enough, the volume change that accompanies hydride formation/decomposition takes place only through a change of the film thickness. The metal and the hydride then have the same interface areas A i with the surrounding layers. Since the small lateral interfaces give a negligible contribution to the thermodynamical bias, it is possible to rewrite:
where ∆γ i ≡ γ MH x β |i -γ MH xα |i is the specific free energy difference between hydride and metal for the i-th interface. Equation (8) can be applied also to a hydride-forming particle with embedded inclusions that do not react with hydrogen. Finally, if it can be assumed that ∆γ i = ∆γ ∀ i, i.e., that all interfaces are equivalent as far as the specific free energy difference is concerned, the thermodynamical bias takes the simple form:
in which the first fraction is proportional to the metal molar volume (the proportionality constant being 1 for the Mg-MgH 2 system), and the second fraction is a geometrical factor given by the ratio of the total area A nano to the volume V nano of the nano-object. For a film of thickness d this factor equals 2/d. Similar to the bulk free energy, the ∆γ i include enthalpy and entropy contributions:
Under the applicability conditions of Equation (9), one can see that the thermodynamical bias vanishes at a compensation temperature T comp , which does not depend on the geometrical factor A nano /V nano and is given by:
where ∆h and ∆σ are the specific interface enthalpy and entropy difference, which are assumed to be the same for all relevant interfaces. The remarkable implication of Equation (11) is that thin films having the same type of interfaces should display an equilibrium pressure equal to the bulk at the temperature T comp , independently on their thickness. The calculations that appeared so far in the literature dealt only with the surface/interface free enthalpy. I am not aware of modeling studies that were able to determine the surface/interface entropy contribution to the thermodynamical bias in nanomaterials. However, this may be an important correction to the enthalpy term. A tendency towards stabilization of the hydride is expected if the vibrational plus configurational surface/interface entropy of the β-phase is larger than that of the α-phase. Future theoretical activity in this field is needed in order to tailor the thermodynamic properties of nanoscale hydrides through rationally designed interfaces.
Elastic Constraints
Another possible source of thermodynamical bias emerges in mechanically confined nanomaterials when the surrounding phases constrain the volume change that accompanies the α↔β phase transformation. The situation is depicted in Figure 3a for a hydride-forming NP clamped by a non-reacting, elastically stiff shell. In this situation, the hydride phase experiences a compressive (negative) volume strain ε β V and is therefore destabilized. The bias on the hydride formation enthalpy is given by [33] :
where B is the bulk modulus of M and V H the partial molar volume of hydrogen in the β-phase. Similarly, one could consider a clamped hydride NP that is not free to contract when hydrogen is released. This type of constraint produces a tensile (positive) strain in the α-phase, making the metal less stable and increasing the absolute value of the reaction free energy. The calculation of δ∆H 0 el is essentially an elasticity problem. Analytical solutions were provided for clamped thin films [34] and for core-shell spherical NPs [33] , and approximate results were derived for cylindrical nanodots [35] . The appeal of this approach, sometimes called elastic strain engineering, lies in the potential ability to tune the thermodynamics significantly even with experimentally manageable NPs sizes. This is shown in Figure 3b where an enthalpy change of about 14 kJ/mol H 2 for an Mg-MgO core-shell NPs of 25 nm radius and 3 nm shell thickness is predicted [33] . This destabilization would outperform the one achievable through surface free energy effects in much smaller Mg NPs of 1 nm radius [27] . The main problem that hampers its practical implementation is that the elastic stresses easily exceed the mechanical yield strength of the material, resulting in the onset of plastic deformation and in a drastic drop of the elastic strain. The comparison with experimental data will be discussed in Section 3.1.3.
potential ability to tune the thermodynamics significantly even with experimentally manageable NPs sizes. This is shown in Figure 3b where an enthalpy change of about 14 kJ/mol H2 for an Mg-MgO core-shell NPs of 25 nm radius and 3 nm shell thickness is predicted [33] . This destabilization would outperform the one achievable through surface free energy effects in much smaller Mg NPs of 1 nm radius [27] . The main problem that hampers its practical implementation is that the elastic stresses easily exceed the mechanical yield strength of the material, resulting in the onset of plastic deformation and in a drastic drop of the elastic strain. The comparison with experimental data will be discussed in Section 3.1.3.
(a) (b) 
Alloying Effects
Alloying is a widely explored strategy to tune the thermodynamics of a multicomponent hydride system. In principle, this approach is not restricted to nanomaterials; however, since alloying is often obtained through ball milling, a nanoscale microstructure develops.
Let us consider a single hydride-forming element M, that undergoes reaction (1) (with x α ≈ 0 for the sake of simplicity), and introduce a second element N that forms an alloy MN y in the metallic state. Upon hydrogen absorption, different scenarios are possible depending on the hydride formation enthalpy of N and on y. The two extreme variants of reaction (1) are:
in which the hydride has the same composition as for the pure M element and N is segregated, and:
in which only the β-phase is obtained with preservation of the MN y stoichiometry. The actual value of x β needs not be the same in the two cases. Other schemes are clearly possible, like disproportionation reactions that involve intermediate alloy compositions. A further possibility is that M and N are immiscible in the metal but form a ternary hydride:
The idea behind reaction (14) has led to the successful development of ternary hydrides such as LaNi 5 H 6 , FeTiH 2 , Mg 2 NiH 4 , based on the alloying of elements with strongly different heats of hydride formation [17] . For low y values, the element N in (14) can be seen as a dopant within the M matrix. The effects of dopants on thermodynamics has been investigated theoretically with particular focus on transition metals (TMs) in MgH 2 [36] [37] [38] . Paskaš Mamula et al. have calculated the excess charge on the entire 3d TM series of dopants in MgH 2 ( Figure 4a ) and have found a correlation with the desorption enthalpy [38] : the higher the electronic charge transfer from the H ion to the TM dopant, the less stable the hydride. The largest hydride destabilization was predicted for Fe, Co, Ni, in qualitative agreement with calculations of Shevlin and Guo [29] of Ni-doped (MgH 2 ) n clusters ( Figure 4b ).
As shown in Figure 5 , the difference between the enthalpies of reactions (13) and (1) is given by the enthalpy of alloy formation (δ∆H 0 ) al . The reader interested in thermodynamic tuning of hydride formation in Mg alloys is referred to a comprehensive recent review [12] . I just remark here two features that are relevant in nanomaterials:
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(a) (b) Reprinted with permission from [29] . Copyright 2013 American Chemical Society.
As shown in Figure 5 , the difference between the enthalpies of reactions (13) and (1) is given by the enthalpy of alloy formation (δ∆H ) . The reader interested in thermodynamic tuning of hydride Reprinted with permission from [29] . Copyright 2013 American Chemical Society.
1.
Nanoscale dispersion of phases is required to keep the solid-state diffusion lengths short, thus making it possible kinetic reversibility of reactions (13) and (15).
2.
In nanoalloys, the phase separation that appears on the right of (13) or on the left of (15) may be realized through specific morphologies such as core-shell, core-satellite, or Janus, with shifted free energy with respect to bulk alloys ( Figure 5 ). This potential route to thermodynamic tuning, which requires advances in the calculations of nanoalloys phase diagrams, is to our knowledge yet unexplored.
formation in Mg alloys is referred to a comprehensive recent review [12] . I just remark here two features that are relevant in nanomaterials:
1. Nanoscale dispersion of phases is required to keep the solid-state diffusion lengths short, thus making it possible kinetic reversibility of reactions (13) and (15). 2. In nanoalloys, the phase separation that appears on the right of (13) or on the left of (15) may be realized through specific morphologies such as core-shell, core-satellite, or Janus, with shifted free energy with respect to bulk alloys ( Figure 5 ). This potential route to thermodynamic tuning, which requires advances in the calculations of nanoalloys phase diagrams, is to our knowledge yet unexplored. (ii) form an alloy in the α-phase and a ternary hydride (reaction (14) , enthalpy ∆H ′′), or iii) form a ternary hydride (reaction (15) , enthalpy ∆H ′′′). The enthalpy of reaction (13) in nanomaterials can be further tuned by different elemental distributions in the α-and β-phases. The example on the right shows the case of a metallic random alloy NP that transforms into a metal-metal hydride coreshell structure upon hydrogen absorption.
Nanoscale Effects on Kinetics
Kinetics aims at identifying the microscopic mechanisms of hydride formation and decomposition and at determining the activation energies of the rate-limiting step(s). The elementary steps involved in the metal-hydride transformation can be classified into:
• H2 dissociation/recombination at the surface • Penetration of atomic H in subsurface layers • H diffusion in the α-phase (usually fast) and in the β-phase (typically fast in interstitial hydrides, but slow in ionic and covalent hydrides) • Possible nucleation of the new phase (e.g., β within α or vice versa)
Each step is strongly dependent on the microstructure and on the presence of additives, such as catalytic phases that lower the activation energy for H2 dissociation/recombination at the surface. The mechanisms and rate of the transformation are studied by monitoring a suitable signal, such as (13) in nanomaterials can be further tuned by different elemental distributions in the α-and β-phases. The example on the right shows the case of a metallic random alloy NP that transforms into a metal-metal hydride core-shell structure upon hydrogen absorption.
• H 2 dissociation/recombination at the surface • Penetration of atomic H in subsurface layers • H diffusion in the α-phase (usually fast) and in the β-phase (typically fast in interstitial hydrides, but slow in ionic and covalent hydrides) • Possible nucleation of the new phase (e.g., β within α or vice versa) • Motion of the α/β interface Each step is strongly dependent on the microstructure and on the presence of additives, such as catalytic phases that lower the activation energy for H 2 dissociation/recombination at the surface. The mechanisms and rate of the transformation are studied by monitoring a suitable signal, such as pressure, gas flow, heat flow or weight change, after a sudden transition out of equilibrium, typically induced by a fast pressure change or a rapid temperature scan. In a nanostructured material, several microstructural features concur to enhance the kinetics of hydrogen sorption:
Hydrogen has to diffuse over a length similar to the system size to complete the transformation.
Since the diffusion time is proportional to the square of the diffusion length, a size reduction by three orders of magnitude (i.e., from ≈50 µm down to ≈50 nm) implies a shortening of the diffusion time by six orders of magnitudes. This is particularly relevant for the non-interstitial hydrides, in which hydrogen diffusion is typically slow.
2.
The interfaces are short-circuit diffusion paths that further speed up hydrogen transport in and out of the material compared to hydrogen diffusion in the crystal. This argument applies both to homophasic interfaces such as grain boundaries in a nanocrystalline material and to heterophasic interfaces that are present in nanocomposites.
3.
The surfaces/interfaces can be preferential sites for heterogeneous nucleation of the new phase. 4 .
If the surface of the host material is catalytically active, the rate of H 2 dissociation/recombination is proportional to the specific surface area. If the surface is poorly active, as for pure Mg, suitable catalytic additives must be dispersed at the nanoscale using techniques such as ball milling, wet chemistry, and vapor deposition [11, 26] .
Results and Discussion
The aim of this section is to survey quantitative experimental studies of hydrogen sorption in Mg-based nanomaterials and to compare them with the expectations based on the previously discussed arguments. Our main interest is directed towards thin films and NPs in various forms, i.e., freestanding, supported on microporous scaffolds and embedded in a matrix. The reason is that in these systems, the size is refined down to the nanometer scale in one spatial dimension at least. Differently, in ball-milled materials, the crystallite size may well be~10 nm, but the powder particles are in the micrometer range. This microstructure can hardly induce any thermodynamical bias, although it can greatly improve the kinetics if suitable catalyst phases are added in the milling pot. The reader interested in kinetics of ball-milled MgH 2 with catalytic additives is referred to a recent comprehensive review [11] .
I will examine in Section 3.1 the cases where the simple reaction (1) holds with M=Mg, and in Sections 3.2-3.5 the situations in which other elements or phases intervene according to schemes (13)- (15) or intermediate ones.
3.1. The Mg+H 2 ↔MgH 2 Transformation at the Nanoscale Figure 6 displays experimental thermodynamic data for the simple reaction Mg+H 2 ↔MgH 2 in various classes of nanoscale materials (appropriate references are given in the caption). The data are grouped using different colors: red for freestanding NPs, blue for thin films and multilayers, green for supported or embedded NPs, and black for bulk and ball-milled Mg. Since alloying effects do not play a role here, the only possible sources of thermodynamical bias are the surface/interface free energy and the elastic strains. One can immediately notice that, despite the appearance of significantly reduced enthalpies, the equilibrium temperature at p(H 2 ) = 1 bar is always quite close to the bulk value of 283 • C. Significant departures from the bulk van 't Hoff plot are observed only for ultrathin films at low temperature around 100 • C. I will now discuss separately the nanomaterials classes that appear in Figure 6 .
Nanoparticles (Freestanding)
The synthesis and hydrogen sorption properties of freestanding Mg NPs has been reported by several authors [39] [40] [41] [42] [43] . Probably due to the strong sintering of Mg with high surface area, the average NP diameter obtained in these studies was always above 10 nm. Many studies dealt mainly with kinetic properties at relatively high temperature >250 • C, and only few experiments were able to provide equilibrium data and to determine enthalpy/entropy values. Liu et al. synthesized Mg NPs by electroless reduction [43] : They observed that the absolute values of both enthalpy and entropy decrease with decreasing NP diameter below 50 nm, reaching 63.5 kJ/mol H 2 and 118.4 J/(K mol H 2 ) for a diameter of 15 nm [43] . These values are not compatible with theoretical calculations in this size range, where a small thermodynamic bias (δ∆H 0 ) sur ≈ 0.6 kJ mol H 2 was predicted (see Section 2.1
and Refs. [27, 28] ). In fact, the equilibrium pressure-temperature data of Liu et al. were very close to the bulk van 't Hoff plot, a result that the authors attributed to enthalpy-entropy compensation. A specific reason for the enthalpy-entropy decrease was not proposed, but a possible different interaction of H with Mg at the nanoscale was speculated [43] , suggesting that the calculations should be revised. In order to solve this controversy, the experiments should provide equilibrium data on a wider temperature span. Liu et al. determined their enthalpy/entropy values from the best linear fit of three (p,T) points in the 300-350 • C range. As shown very clearly by Cornish-Bowden [44] , phantom correlations between slope (i.e., enthalpy) and intercept (i.e., entropy) of a van 't Hoff plot may appear due the narrow temperature range explored. It is therefore necessary to measure equilibrium data at significantly lower temperature, to better detect the presence of an enthalpic destabilization and to avoid issues arising from microstructural instabilities of Mg NPs at high temperatures. range, where a small thermodynamic bias (δ∆H ) ≈ 0.6 kJ mol H2 was predicted (see Section 2.1
and Refs. [27, 28] ). In fact, the equilibrium pressure-temperature data of Liu et al. were very close to the bulk van 't Hoff plot, a result that the authors attributed to enthalpy-entropy compensation. A specific reason for the enthalpy-entropy decrease was not proposed, but a possible different interaction of H with Mg at the nanoscale was speculated [43] , suggesting that the calculations should be revised. In order to solve this controversy, the experiments should provide equilibrium data on a wider temperature span. Liu et al. determined their enthalpy/entropy values from the best linear fit of three (p,T) points in the 300-350 °C range. As shown very clearly by Cornish-Bowden [44] , phantom correlations between slope (i.e., enthalpy) and intercept (i.e., entropy) of a van 't Hoff plot may appear due the narrow temperature range explored. It is therefore necessary to measure equilibrium data at significantly lower temperature, to better detect the presence of an enthalpic destabilization and to avoid issues arising from microstructural instabilities of Mg NPs at high temperatures. Figure 6 . Compilation of van 't Hoff plots calculated from ∆H 0 and ∆S 0 data for Mg-based nanomaterials confronted to bulk Mg (curve a from Ref. [13] ). The black dash-dotted line is the low temperature extrapolation of bulk Mg data. In the legend, the numbers in the columns denote the corresponding absolute values of ∆H 0 (left, in kJ/mol H2) and ∆S 0 (right, in J/K mol H2). The meaning of the colors is as follows: red for freestanding NPs; green for embedded or supported NPs; blue for thin films; black for ball-milled materials. The number of symbols represents the number of experimental points measured by the authors to determine enthalpy and entropy. b: 2-7 nm Mg nanocrystallites in LiCl matrix [14] . c: <3 nm Mg NPs in carbon scaffold [45] . d: 15 nm Mg NPs by electroless reduction [43] . e: MgH2-TiH2 ball-milled nanocomposite (30 at.% Ti) [46] . f: MgH2-0.1TiH2 ball-milled nanocomposite [47] . g: MgH2-TiH2 composite NPs, 10-20 nm in diameter (6-30 at.% Ti) [48] . h: Mg/Ti/Pd nanodots on silica, diameter 60 nm, and i: Mg/Ti/Pd nanodots on silica, diameter 320 nm [35] . j: ultra-thin (2 nm) Mg film sandwiched between TiH2 layers [49] .
Recently, we succeeded in characterizing both kinetics and thermodynamics of MgH2-TiH2 composite NPs down to 70 °C [48] . This remarkable achievement was made possible by the integration of gas-phase condensation synthesis of NPs and Sievert-type apparatus in a single ultrahigh vacuum compatible system. NPs with diameter in the 10-20 nm range were measured in situ under very clean conditions, thus keeping surface contaminations by oxides/hydroxides as low as possible and achieving record-breaking low-temperature kinetics. At low temperatures in the range 70-100 °C, the equilibrium pressure was only slightly above the extrapolated van 't Hoff plot of bulk Mg (see Figure 6 ). In these composite NPs, the major source of thermodynamical bias arises from the high volume fraction of MgH2/TiH2 interfaces. The experimental enthalpy bias (δ∆H ) ≈ 6 kJ/mol H2 was in reasonable agreement with the predictions of Equations (9) and (10) assuming an average ∆ℎ = 0.64 J/m 2 as calculated in Ref. [32] . However, the entropy bias (δ∆S ) ≈ 16 J/(K mol H2) was Figure 6 . Compilation of van 't Hoff plots calculated from ∆H 0 and ∆S 0 data for Mg-based nanomaterials confronted to bulk Mg (curve a from Ref. [13] ). The black dash-dotted line is the low temperature extrapolation of bulk Mg data. In the legend, the numbers in the columns denote the corresponding absolute values of ∆H 0 (left, in kJ/mol H 2 ) and ∆S 0 (right, in J/K mol H 2 ). The meaning of the colors is as follows: red for freestanding NPs; green for embedded or supported NPs; blue for thin films; black for ball-milled materials. The number of symbols represents the number of experimental points measured by the authors to determine enthalpy and entropy. b: 2-7 nm Mg nanocrystallites in LiCl matrix [14] . c: <3 nm Mg NPs in carbon scaffold [45] . d: 15 nm Mg NPs by electroless reduction [43] . e: MgH 2 -TiH 2 ball-milled nanocomposite (30 at.% Ti) [46] . f: MgH 2 -0.1TiH 2 ball-milled nanocomposite [47] . g: MgH 2 -TiH 2 composite NPs, 10-20 nm in diameter (6-30 at.% Ti) [48] . h: Mg/Ti/Pd nanodots on silica, diameter 60 nm, and i: Mg/Ti/Pd nanodots on silica, diameter 320 nm [35] . j: ultra-thin (2 nm) Mg film sandwiched between TiH 2 layers [49] .
Recently, we succeeded in characterizing both kinetics and thermodynamics of MgH 2 -TiH 2 composite NPs down to 70 • C [48] . This remarkable achievement was made possible by the integration of gas-phase condensation synthesis of NPs and Sievert-type apparatus in a single ultra-high vacuum compatible system. NPs with diameter in the 10-20 nm range were measured in situ under very clean conditions, thus keeping surface contaminations by oxides/hydroxides as low as possible and achieving record-breaking low-temperature kinetics. At low temperatures in the range 70-100 • C, the equilibrium pressure was only slightly above the extrapolated van 't Hoff plot of bulk Mg (see Figure 6 ). In these composite NPs, the major source of thermodynamical bias arises from the high volume fraction of MgH 2 /TiH 2 interfaces. The experimental enthalpy bias (δ∆H 0 ) int ≈ 6 kJ/mol H 2 was in reasonable agreement with the predictions of Equations (9) and (10) assuming an average ∆h = 0.64 J/m 2 as calculated in Ref. [32] . However, the entropy bias (δ∆S 0 ) int ≈ 16 J/(K mol H 2 ) was about two times larger than calculated using ∆σ = 0.9 × 10 −3 J/K m 2 , a value that corresponds to an interface entropy difference of 1 k B per H atom between α-and β-phase [50] .
Thin Films
Mg layers with a precisely controlled thickness down to a few nm represent an ideal playground to test the concept of thermodynamic tuning. It is important that the adjacent layers do not form alloys with Mg to single out genuine effects of interfaces and/or clamping. Baldi et al. showed that a Mg/MgH 2 layer sandwiched between two TiH 2 layers behaves as a quasi-free film [51] . This combination benefits from the mutual immiscibility of Mg and Ti; moreover, TiH 2 is permeable to hydrogen. A Pd capping layer is usually added to protect from oxidation and to facilitate H 2 dissociation/recombination at low temperatures.
The thermodynamics of ultra-thin Mg films was studied by measuring the optical transmission as a function of p(H 2 ) under isothermal conditions. Figure 7a shows a series of isotherms at 90 • C for different thicknesses d of the Mg layer (a wedge-shaped film was actually employed in order to collect all the data in parallel). The upward shift of both absorption and desorption branches with decreasing d conveys a clear proof of destabilization. In fact, a~5-fold increase of the equilibrium pressure compared to the extrapolation of bulk Mg data was recorded at 90 • C (see Figure 6 ). Figure 7b shows that the equilibrium pressure, and hence the thermodynamical bias, depends linearly on d −1 . This dependence is in accordance with the model Equation (9): The slope obtained from the linear fit yielded ∆γ = 0.33 J/m 2 , in qualitative agreement with but lower than the enthalpic values ∆h = 0.64 J/m 2 calculated by DFT [49] . The difference may be due to the entropic contribution −T ∆σ that was not discussed by the authors despite the availability of ∆γ data at several temperatures in the 90-200 • C range.
Pivak et al. carried out a comprehensive study on Mg/M/Pd (M = Ti, Ta, Fe) films and determined enthalpy-entropy values for absorption and desorption separately [52] . They also developed a model to explain the hysteresis, as quantified by the ratio between the plateau pressures of absorption and desorption, in terms of elastic + plastic work during hydrogen loading and unloading [52] .
Kalisvaart et al. extended the interface destabilization concept to Mg/AlTi multilayers with various d/2 configurations, where 2 ≤ d ≤ 10 and 2 are the thicknesses in nm of Mg and AlTi layers, respectively [53] . In particular, the 2/2 multilayers showed a 20-fold increase of the absorption plateau pressure compared to bulk Mg at 200 • C. The value of ∆γ = 0.81 J/m 2 obtained from absorption data was significantly higher than in Mg/TiH 2 multilayers. However, the desorption plateau pressures showed only a small increase above the bulk value. In other terms, the Mg/AlTi multilayers were affected by a large hysteresis, which in combination with the thermodynamical bias results in different shifts of absorption and desorption plateaus. As a consequence, no appreciable destabilization of the hydride was achieved.
that Pivak et al. carried out a comprehensive study on Mg/M/Pd (M = Ti, Ta, Fe) films and determined enthalpy-entropy values for absorption and desorption separately [52] . They also developed a model to explain the hysteresis, as quantified by the ratio between the plateau pressures of absorption and desorption, in terms of elastic + plastic work during hydrogen loading and unloading [52] . 
Nanoparticles (Supported or Embedded)
Various materials architecture and synthesis techniques were explored with the aim to solve the sintering and surface contamination issues that affect Mg-based nanostructures during hydrogen sorption cycles. Several authors have studied Mg NPs supported on microporous scaffolds prepared by melt infiltration [45, [54] [55] [56] [57] ; Xia et al. have investigated MgH 2 NPs self-assembled on graphene [58] . These materials always feature very good sorption kinetics, an example of which is shown in Figure 8 . However, in those cases where equilibrium data are available, the departure from bulk Mg are minimal [45, 54] . An exception is the work of Zhao-Karger et al. who reported markedly decreased enthalpy and entropy from a van 't Hoff plot with only three absorption data points in the 326-351 • C range (see Figure 6 and Ref. [45] ). This determination suffers from severe uncertainties as discussed in Section 3.1 and needs confirmation through equilibrium measurements at lower temperatures.
Jeon et al. synthesized an air-stable composite material that consisted of metallic Mg nanocrystals of about 5 nm in a gas-barrier polymer matrix permeable to hydrogen [59] . However, desorption kinetics and thermodynamic data were not provided and the hydrogen sorption properties were rather poor.
Paskevicius et al. employed a clever mecanochemical method to synthesize MgH 2 NPs embedded in a LiCl matrix [14] . The thermodynamic properties were determined accurately, revealing a small but measurable enthalpic bias (δ∆H 0 ) = 2.8 kJ/mol H 2 coupled with an entropy bias (δ∆S 0 ) = 3.8 J/K mol H 2 . Hence, the drop of the 1 bar hydrogen equilibrium temperature was only 6 • C compared to bulk Mg. A direct comparison with the prediction of Equation (9) is not possible because the value of ∆γ for the interface with LiCl is not known. Asano et al. succeeded in embedding nanometer-sized clusters within a TiH 2 matrix by depositing Ti-rich Mg x Ti 1−x films and taking advantage of the Mg-Ti mutual immiscibility [60] . The estimated cluster radius was r ≈ 1 nm, corresponding to ≈ 200 Mg atoms. The absorption and desorption branches of the pressure-transmission isotherms were both shifted upwards with decreasing r (Figure 9a ). The sloping plateaus suggested the presence of a wide distribution of cluster sizes.
The amount of destabilization was well explained by Equation (9) assuming the same ∆γ as for Mg films sandwiched within TiH 2 and considering that A nano /V nano = 3/r.
by melt infiltration [45, [54] [55] [56] [57] ; Xia et al. have investigated MgH2 NPs self-assembled on graphene [58] . These materials always feature very good sorption kinetics, an example of which is shown in Figure 8 . However, in those cases where equilibrium data are available, the departure from bulk Mg are minimal [45, 54] . An exception is the work of Zhao-Karger et al. who reported markedly decreased enthalpy and entropy from a van 't Hoff plot with only three absorption data points in the 326-351 °C range (see Figure 6 and Ref. [45] ). This determination suffers from severe uncertainties as discussed in Section 3.1 and needs confirmation through equilibrium measurements at lower temperatures.
Jeon et al. synthesized an air-stable composite material that consisted of metallic Mg nanocrystals of about 5 nm in a gas-barrier polymer matrix permeable to hydrogen [59] . However, desorption kinetics and thermodynamic data were not provided and the hydrogen sorption properties were rather poor. Paskevicius et al. employed a clever mecanochemical method to synthesize MgH2 NPs embedded in a LiCl matrix [14] . The thermodynamic properties were determined accurately, revealing a small but measurable enthalpic bias (δ∆H ) = 2.8 kJ/mol H2 coupled with an entropy bias (δ∆S ) = 3.8 J/K mol H2. Hence, the drop of the 1 bar hydrogen equilibrium temperature was only 6 °C compared to bulk Mg. A direct comparison with the prediction of Equation (9) is not possible because the value of ∆γ for the interface with LiCl is not known.
Asano et al. succeeded in embedding nanometer-sized clusters within a TiH2 matrix by depositing Ti-rich MgxTi1−x films and taking advantage of the Mg-Ti mutual immiscibility [60] . The estimated cluster radius was ≈ 1 nm, corresponding to ≈ 200 Mg atoms. The absorption and desorption branches of the pressure-transmission isotherms were both shifted upwards with decreasing r (Figure 9a) . The sloping plateaus suggested the presence of a wide distribution of cluster sizes. The amount of destabilization was well explained by Equation (9) assuming the same ∆γ as for Mg films sandwiched within TiH2 and considering that ⁄ = 3/ .
Molinari et al. employed template-assisted molecular beam epitaxy to deposit highly ordered, monodisperse Mg/Ti/Pd nanodots on SiO2 substrates coated by a porous ultra-thin alumina membrane [35] . After exposure to air and then to hydrogen, the Mg core of these nanodots was in contact with different phases as schematized in Figure 9b . Pressure-transmission isotherms were measured at 90 and 120 °C on nanodots with diameters of 60 and 320 nm. Figure 9b shows that the desorption plateau pressure did not depend on the nanodots size, whereas the absorption plateau pressure was larger in smaller nanodots. The equilibrium pressure (geometric average of absorption and desorption) of the large nanodots was very close to bulk Mg, whereas small nanodots showed almost a 2-fold increase ( Figure 6 ). The authors suggested that this destabilization arises only in part from interface effects because the nanodots size is rather large, and attributed it mainly to the elastic constraint against nanodots expansion imposed by the surrounding phases [35] . The comparison of the experimental destabilization with the outcome of Equation (12) makes it possible to estimate that the hydride nanodots experience a compressive elastic strain of about 0.8%. This small value indicates that significant plastic deformation must develop to accommodate the large volume variation (32%) that takes place upon hydride formation/decomposition. The plasticity hampers the achievement of a true destabilization, i.e., of a situation, in which also the desorption pressure increases. In fact, the large hysteresis induced by plastic work shifts the desorption plateau pressure in the undesired direction below the value of quasi-free bulk-like Mg [35, 49] . This example in constrained systems shows that the correct assessment of hydride destabilization cannot be gained only from absorption data and highlights the importance of recording the full absorption-desorption isotherm. Shegai and Langhammer were able to measure an absorption isotherm at 80 °C on a single Mg nanodots sandwiched between TiH2 layers by using nanoplasmonic spectroscopy [61] . This technique opens exciting opportunities for the characterization of H-sorption thermodynamics at the single particle level and has recently been applied to determine enthalpy and entropy of hydride formation in individual palladium NPs as a function of size and shape [62] . Molinari et al. employed template-assisted molecular beam epitaxy to deposit highly ordered, monodisperse Mg/Ti/Pd nanodots on SiO 2 substrates coated by a porous ultra-thin alumina membrane [35] . After exposure to air and then to hydrogen, the Mg core of these nanodots was in contact with different phases as schematized in Figure 9b . Pressure-transmission isotherms were measured at 90 and 120 • C on nanodots with diameters of 60 and 320 nm. Figure 9b shows that the desorption plateau pressure did not depend on the nanodots size, whereas the absorption plateau pressure was larger in smaller nanodots. The equilibrium pressure (geometric average of absorption and desorption) of the large nanodots was very close to bulk Mg, whereas small nanodots showed almost a 2-fold increase ( Figure 6 ). The authors suggested that this destabilization arises only in part from interface effects because the nanodots size is rather large, and attributed it mainly to the elastic constraint against nanodots expansion imposed by the surrounding phases [35] . The comparison of the experimental destabilization with the outcome of Equation (12) makes it possible to estimate that the hydride nanodots experience a compressive elastic strain of about 0.8%. This small value indicates that significant plastic deformation must develop to accommodate the large volume variation (32%) that takes place upon hydride formation/decomposition. The plasticity hampers the achievement of a true destabilization, i.e., of a situation, in which also the desorption pressure increases. In fact, the large hysteresis induced by plastic work shifts the desorption plateau pressure in the undesired direction below the value of quasi-free bulk-like Mg [35, 49] . This example in constrained systems shows that the correct assessment of hydride destabilization cannot be gained only from absorption data and highlights the importance of recording the full absorption-desorption isotherm.
Shegai and Langhammer were able to measure an absorption isotherm at 80 • C on a single Mg nanodots sandwiched between TiH 2 layers by using nanoplasmonic spectroscopy [61] . This technique opens exciting opportunities for the characterization of H-sorption thermodynamics at the single particle level and has recently been applied to determine enthalpy and entropy of hydride formation in individual palladium NPs as a function of size and shape [62] .
Mg-Pd Nanomaterials
The main features of the Mg-Pd system are:
•
The Mg-Pd binary phase diagram is a rather complex one. Nine intermetallic compounds, with increasing Pd content from Mg 6 Pd to MgPd, populate the Mg-rich region (<50 at.% Pd) [63] .
• Both Mg and Pd form a binary hydride. PdH 0.6 is the prototypical interstitial metallic hydride: its enthalpy of formation is −37 kJ/mol H 2 (i.e., much less stable than MgH 2 ) and its H-sorption kinetics are extremely fast also at room temperature.
There is no evidence of ternary Mg-Pd-H phases.
In the bulk form, the reaction of Mg 1−x Pd x alloys with H 2 may include different sequential steps depending on the initial stoichiometry and H 2 pressure. For example, starting from the Mg-richest compound Mg 6 Pd, the following disproportionation reactions take place with increasing hydrogen pressure, giving rise to three distinct pressure plateaus [64] 
With respect to Mg 6 Pd, the combination of reactions (16) and (17) yields a hydrogen storage capacity of 2.8 wt%, and reaction (18) conveys an additional 1.2 wt%. Even if Pd is too expensive to be integrated in a future application for hydrogen storage, it is often employed as catalyst in Mg-based materials. In thin films, a Pd capping layer also increases the oxidation resistance [65, 66] . It is therefore extremely important to take into account the possible formation of intermetallic Mg-Pd phases and the occurrence of reactions (16)- (18) when describing the hydrogen sorption properties of Mg-Pd nanomaterials.
Interfacial Mg-Pd Alloys in Pd-Catalyzed Mg Thin Films and NPs
Pd-capped Mg thin films have been around for quite a while: already in 1990, Krozer and Kasemo studied their H-sorption equilibrium properties at T < 100 • C [67] , obtaining different enthalpies for hydride formation (−60.7 ± 6.3 kJ/mol H 2 ) and decomposition (71 ± 4 kJ/mol H 2 ) and highlighting the presence of a large pressure hysteresis. Almost 20 years later, Griessen and coworkers pointed out the existence of a linear relationship of the form:
where p abs is the absorption plateau pressure (measured at 60 • C) and d the thickness of the Mg layer [34] . In the thinnest films with d = 20 nm p abs reached a remarkably high value, about 200 times larger than the pressure at which coexistence of α and β phases appears in bulk Mg upon hydrogen loading. A similar picture was observed with a capping layer of Ni but not of elements that are immiscible with Mg, i.e., Nb, V, and Ti. These results were attributed to an elastic constraint imposed by the capping layer against the expansion of the film and the parameters a and b in Equation (19) were expressed in terms of the elastic constants of Mg and of the capping metal [34] . The authors argued that the constraint is effective only when the capping layer and Mg are miscible, so that the interfaces are elastically stiff. There are two interrelated problems in the above interpretation. The first is the amount of strain needed to explain the observed pressure increase. Clemens and coworkers showed that the stress measured during hydrogenation of Mg/Pd films corresponds to a negligible increase in equilibrium pressure [68] , whereas the 200-fold increase observed by Griessen and coworkers would require a linear strain of~13% [34, 68] . This is one order of magnitude higher than typical thin film strains and it is not physically reasonable that such a large strain can exist in MgH 2 . Clemens and coworkers suggested that the observed pressure increase originates with the thermodynamics of the intermixing region that may follow reaction paths (16)-(18). They analyzed the Mg/Pd interfaces by transmission electron microscopy ( Figure 10 ) and developed a thermodynamic model of the effect of alloying on equilibrium pressure, showing that its increase was consistent with the observed thickness of the intermixed region [68] . The second problem is that the large thermodynamical bias was claimed only from the upward shift of the absorption plateau. The elastic constraint model predicts that the desorption plateau should also be similarly shifted, but subsequent measurements showed that this was not the case [52] . Again, the presence of a large hysteresis did not make it possible to achieve a true destabilization of the hydride and induced large errors in the determination of thermodynamic parameters from absorption data only. electron microscopy ( Figure 10 ) and developed a thermodynamic model of the effect of alloying on equilibrium pressure, showing that its increase was consistent with the observed thickness of the intermixed region [68] . The second problem is that the large thermodynamical bias was claimed only from the upward shift of the absorption plateau. The elastic constraint model predicts that the desorption plateau should also be similarly shifted, but subsequent measurements showed that this was not the case [52] . Again, the presence of a large hysteresis did not make it possible to achieve a true destabilization of the hydride and induced large errors in the determination of thermodynamic parameters from absorption data only. The issue of Mg-Pd alloying at interfaces in nanomaterials and the disproportionation reactions (16)- (18) were studied in relatively large (~400 nm) Mg NPs decorated by Pd clusters on top of the native MgO surface layer [69] [70] [71] . The overall composition of these NPs was tuned between 1 and 3.3 at.% Pd. During a heating ramp at 15 °C/min, Pd began to react with Mg forming Mg5Pd2 at about 220 °C, despite the 4 nm thick MgO separation layer. With increasing temperature, pure Pd disappeared and Mg6Pd replaced Mg5Pd2, until a Mg-Mg6Pd two-phase field was attained, in The issue of Mg-Pd alloying at interfaces in nanomaterials and the disproportionation reactions (16)- (18) were studied in relatively large (~400 nm) Mg NPs decorated by Pd clusters on top of the native MgO surface layer [69] [70] [71] . The overall composition of these NPs was tuned between 1 and 3.3 at.% Pd. During a heating ramp at 15 • C/min, Pd began to react with Mg forming Mg 5 Pd 2 at about 220 • C, despite the 4 nm thick MgO separation layer. With increasing temperature, pure Pd disappeared and Mg 6 Pd replaced Mg 5 Pd 2 , until a Mg-Mg 6 Pd two-phase field was attained, in agreement with the phase diagram region at low Pd content. This irreversible reaction was tracked by in situ synchrotron radiation powder X-ray diffraction (SR-PXD) [70] and by X-ray absorption spectroscopy (XAS) at the Pd K-edge (Figure 11 ) [71] . The same techniques were employed to identify the reaction paths: upon absorption at 300 • C and p(H 2 ) = 10 bar, the disproportionation of Mg 6 Pd led to the formation of Mg 3 Pd and Mg 5 Pd 2 phases along with MgH 2 . At 50 bar, SR-PXD and XAS showed the presence of the cubic MgPd phase. The slightly expanded lattice parameter was compatible with a solid solution MgPdH δ with δ in the range 0.4-0.6. These reactions were fully reversible with decreasing pressure as shown in Figure 11 , focused on the local atomic environment around Pd. Hydrogen sorption by Mg-Pd alloys proceeds in parallel with hydrogen sorption by Mg, which is the majority phase in the composite NPs. Due to the low amount of Pd, it was not possible to clearly detect different plateau pressures for Mg (reaction (1)) and for Mg-Pd alloys (reactions (16)- (18)). For the hydrogenation of Mg 6 Pd, Fernandez et al. have calculated that the enthalpy becomes less negative with increasing Pd content of the final intermetallic compound, going from −75.3 kJ/mol H 2 for Mg 3 Pd to −69.1 kJ/mol H 2 for MgPd [72] . The maximum storage capacity of the Mg-Pd NPs was about 5.5 wt% for samples with 1 at.% Pd. 
Nanoconfined Mg-Pd Compounds
Mg6Pd NPs of 4 nm were obtained by infiltration of Mg on previously formed Pd NPs dispersed within the pores of porous carbon [73] . EXAFS analysis showed that the NPs had a simpler crystallographic arrangement and a higher atomic disorder compared to the bulk. A change in the plateau pressure (Figure 12 ) indicating thermodynamic destabilization of the hydride phase was reported along with faster kinetics were. This modification of the sorption properties was ascribed both to the small particle size and to the difference in the crystal structure compared to that of bulk 
Mg 6 Pd NPs of 4 nm were obtained by infiltration of Mg on previously formed Pd NPs dispersed within the pores of porous carbon [73] . EXAFS analysis showed that the NPs had a simpler crystallographic arrangement and a higher atomic disorder compared to the bulk. A change in the plateau pressure (Figure 12 ) indicating thermodynamic destabilization of the hydride phase was reported along with faster kinetics were. This modification of the sorption properties was ascribed both to the small particle size and to the difference in the crystal structure compared to that of bulk Mg 6 Pd.
Mg6Pd NPs of 4 nm were obtained by infiltration of Mg on previously formed Pd NPs dispersed within the pores of porous carbon [73] . EXAFS analysis showed that the NPs had a simpler crystallographic arrangement and a higher atomic disorder compared to the bulk. A change in the plateau pressure (Figure 12 ) indicating thermodynamic destabilization of the hydride phase was reported along with faster kinetics were. This modification of the sorption properties was ascribed both to the small particle size and to the difference in the crystal structure compared to that of bulk Mg6Pd. Hydrogen sorption isotherms at 548 K for bulk (black line) and nanoconfined (red line, TEM image in the inset) Mg 6 Pd. Filled and empty symbols stand for absorption and desorption isotherm curves, respectively. Reprinted with permission from Ref. [73] . Copyright 2014 The Royal Society of Chemistry.
Mg-Ni Nanomaterials
The addition of Ni to the Mg system can improve the hydrogen sorption properties for two reasons. The first is that Ni is an excellent (de)hydrogenation catalyst, meaning that it easily adsorbs and dissociates H 2 molecules (and vice versa). The second is related to alloy formation. The essential features of the Mg-Ni system are:
• Clearly, the presence of Ni significantly lowers the gravimetric H-storage capacity from 7.6 wt% of MgH 2 down to 3.6 wt% of Mg 2 NiH 4 . For this reason, many researchers focused on Mg 1−x Ni x alloys with x ≤ 0.33 with the aim to improve the H-sorption properties without sacrificing the weight capacity too much. Akiba and coworkers studied glassy, nanostructured and crystalline Mg 1−x Ni x alloys with five different compositions (x ≤ 0.33) prepared by rapid quenching with the melt-spinning method [74] . Orimo and Fujii studied Mg-Ni alloys with higher Ni content between Mg 2 Ni and MgNi 2 including an amorphous MgNi alloy obtained by ball milling [75] . DFT calculations suggested that Ni dopant incorporated in the MgH 2 lattice destabilizes the hydride improving hydrogen desorption thermodynamics [29, 38] . However, Mg-rich Mg 1−x Ni x alloys are metastable and split into Mg-Mg 2 Ni two-phase fields upon heating. Several studies on different types of Mg-Mg 2 Ni nanocomposites suggested that the better kinetics of the Mg 2 Ni/Mg 2 NiH 4 system promote H-sorption from Mg/MgH 2 if the phases are intimately mixed at the nanoscale [76] [77] [78] [79] . This is mainly a kinetic improvement that does not alter the equilibrium thermodynamics of MgH 2 and Mg 2 NiH 4 . In fact, Zou et al. have measured two distinct pressure plateaus in the PCIs of Mg-rich Mg-Ni fine particles, obtaining the same thermodynamic parameters as for the bulk individual phases [80] .
Recent developments are related to further insight into the properties of Mg-Ni alloys at the nanoscale by studying thin films [81] , freestanding NPs [78, 82] and NPs supported on microporous scaffolds [83, 84] 2 Ni was reversible and sorption kinetics were very fast (~5 min at 483 K). On the contrary, the thermodynamic properties were not modified by nanoconfinement [84] .
Mg-Ti Nanomaterials
The Mg-Ti system provides another interesting case study with distinctive features not shared by the previously discussed Mg-Pd and Mg-Ni:
• Notten and coworkers reported on the excellent hydrogen storage capacity of Mg y Ti 1−y thin films (with 0.50 ≤ y ≤ 0.95), which is approximately five times larger than that of conventional metal hydride electrodes in NiMH batteries [91] . The best performances were obtained with the Mg 0.80 Ti 0.20 alloy that reached a reversible hydrogen storage capacity of~6.5 wt%. Furthermore, galvanostatic hydrogenation of the Mg y Ti 1−y alloys revealed the formation of products that do not correspond to the intrinsic thermodynamic properties of the individual Mg and Ti hydride. This finding and the shift of Mg Bragg peaks with increasing Ti content indicated that strong segregation did not take place and that Mg and Ti were intimately mixed (Figure 13a ). These films also exhibited remarkable optical properties, being highly reflective in the metallic state and strongly optically absorbing upon hydrogen loading [87] . Notably, the transition between reflective and absorbing state was reversible and controllable through the hydrogen pressure, opening possible applications of the material as smart solar collector. The high optical absorption hinted at the coexistence of a metallic and a semiconducting phase. Advanced structural investigations by XRD and EXAFS revealed the presence of a chemically partially segregated but structurally coherent metastable phase [92] . The robustness of the material and its exceptional properties were attributed to the formation of nanoscale compositional modulation in the intermetallic alloy.
TiH 2 finely dispersed within Mg/MgH 2 by ball-milling techniques greatly speeds up the hydrogen sorption kinetics [46, 47] . The equilibrium pressure-temperature data are, on the other hand, very close to bulk Mg, as shown in Figure 6 , suggesting that little or no change of the thermodynamics takes place. The outstanding kinetic properties were attributed to the limited grain growth of Mg and MgH 2 phases, the coherent coupling between TiH 2 and Mg/MgH 2 , and the fast H-diffusion through sub-stoichiometric MgH 2− η and TiH 2− η phases [93] . The remarkable influence of TiH 2 on the H-sorption kinetics was also observed in MgH 2 -TiH 2 composite NPs already mentioned in Section 3.1.1 [94] . The combination of high surface area, small particle size and nanoscale dispersion of TiH 2 made it possible to measure equilibrium and kinetic properties of the Mg/MgH 2 system down to 70 • C without using Pd as capping or catalyst layer [48] . Prior to hydride formation, the NPs consisted in a hcp metastable Mg-Ti solid solution up to~15 at.% Ti, as demonstrated by high resolution elemental mapping (Figure 13b ) and X-ray diffraction [89] . Krishnan et al. also observed that bimetallic Mg-Ti NPs grown by gas-phase condensation have better thermal stability against void formation (Nanoscale Kirkendall effect) and Mg evaporation [95] . Recent XRD and XPS studies showed that the TiH 2 phase remains unchanged during hydrogen desorption from MgH 2 without formation of intermediates [96] . In all these (MgH 2 ) y -(TiH 2 ) 1−y (nano)composites, the reversible hydrogen storage capacity originates only from the Mg+H 2 ↔MgH 2 reaction because TiH 2 is stable at the applied pressure-temperature conditions. The composites with y = 0.7 and y = 0.9 showed reversible capacities of~3.7 wt% [46] and~6.0 wt% [47] , respectively, with excellent stability upon hydrogen cycling. Notten and coworkers reported on the excellent hydrogen storage capacity of MgyTi1−y thin films (with 0.50 ≤ y ≤ 0.95), which is approximately five times larger than that of conventional metal hydride electrodes in NiMH batteries [91] . The best performances were obtained with the Mg0.80Ti0.20 alloy that reached a reversible hydrogen storage capacity of ~6.5 wt%. Furthermore, galvanostatic hydrogenation of the MgyTi1−y alloys revealed the formation of products that do not correspond to the intrinsic thermodynamic properties of the individual Mg and Ti hydride. This finding and the shift of Mg Bragg peaks with increasing Ti content indicated that strong segregation did not take place and that Mg and Ti were intimately mixed (Figure 13a ). These films also exhibited remarkable optical properties, being highly reflective in the metallic state and strongly optically absorbing upon hydrogen loading [87] . Notably, the transition between reflective and absorbing state was reversible and controllable through the hydrogen pressure, opening possible applications of the material as smart solar collector. The high optical absorption hinted at the coexistence of a metallic and a semiconducting phase. Advanced structural investigations by XRD and EXAFS revealed the presence of a chemically partially segregated but structurally coherent metastable phase [92] . The robustness of the material and its exceptional properties were attributed to the formation of nanoscale compositional modulation in the intermetallic alloy. TiH2 finely dispersed within Mg/MgH2 by ball-milling techniques greatly speeds up the hydrogen sorption kinetics [46, 47] . The equilibrium pressure-temperature data are, on the other hand, very close to bulk Mg, as shown in Figure 6 , suggesting that little or no change of the thermodynamics takes place. The outstanding kinetic properties were attributed to the limited grain growth of Mg and MgH2 phases, the coherent coupling between TiH2 and Mg/MgH2, and the fast Hdiffusion through sub-stoichiometric MgH2−η and TiH2−η phases [93] . The remarkable influence of TiH2 on the H-sorption kinetics was also observed in MgH2-TiH2 composite NPs already mentioned in Section 3.1.1 [94] . The combination of high surface area, small particle size and nanoscale dispersion of TiH2 made it possible to measure equilibrium and kinetic properties of the Mg/MgH2 system down to 70 °C without using Pd as capping or catalyst layer [48] . Prior to hydride formation, the NPs consisted in a hcp metastable Mg-Ti solid solution up to ~15 at.% Ti, as demonstrated by high resolution elemental mapping (Figure 13b ) and X-ray diffraction [89] . Krishnan et al. also observed that bimetallic Mg-Ti NPs grown by gas-phase condensation have better thermal stability against void formation (Nanoscale Kirkendall effect) and Mg evaporation [95] . Recent XRD and XPS studies 
Other Mg-X Nanomaterials
Reactions schemes (13)- (15) and their combinations have been applied to a variety of Mg-X alloys and compounds, with X a p-element (Al, Si, Ge, Sn, In) or a d-element (e.g., Co, Fe, Zn, Nb, besides the previously discussed Pd, Ni and Ti). The reaction enthalpy can be changed in both directions, whereas the gravimetric hydrogen capacity invariably decreases. The interested reader is referred to a recent exhaustive review on the subject [12] . Most of these studies did not focus on the nanoscale-specific features that can influence the thermodynamics, although the samples were often nanocrystalline alloys or nanocomposites prepared by ball milling in order to improve diffusion kinetics.
Shao et al. have studied the hydrogen sorption properties of pure Mg and Mg-X NPs (with X = Ni, Co, Cu in a 2:1 Mg:X molar ratio) prepared by hydrogen plasma metal reactions [97] . The Mg-X NP mixtures were heated at 350-400 • C and hydrogenated, yielding Mg 2 NiH 4 , Mg 2 CoH 5 and 3MgH 2 + MgCu 2 hydride systems. Hydrogen release under vacuum at the same temperature led to the formation of Mg 2 Ni, Mg x Co + (2 − x)Mg, and Mg 2 Cu metallic systems. The same approach was adopted for the synthesis of nanostructured Mg 2 FeH 6 [98] , which transforms into 2Mg + Fe upon hydrogen desorption. The Mg and Mg 2 X NPs exhibited good sorption kinetics without change of thermodynamics compared to bulk systems with the same composition. This is not surprising since the NPs were rather large (50-200 nm [97, 98] .
Aguey-Zinsou and coworkers prepared Mg NPs partially coated with Co, Fe, Ni, Si, and Ti using electroless reduction followed by a transmetalation process [99] . The formation of transition metal complex hydrides was observed at temperatures above 350 • C. The shell formed by these hydrides around the Mg/MgH 2 core seemed to have a little but measurable effect on the equilibrium pressure, which decreased from 4.4 bar for the uncoated NPs down to 3.6 bar for the Ni-coated ones. The equilibrium pressure for Fe, Co, Si and Ni suggested a possible correlation with the Pauling electronegativity of the elements [99] .
Nb and Nb 2 O 5 have been extensively studied as additives that greatly enhance hydrogen sorption kinetics of Mg/MgH 2 [100, 101] . Mg and Nb are strongly immiscible and do not form stable compounds. Nevertheless, the possibility to obtain a metastable bcc Mg 0.75 Nb 0.25 compound was recently demonstrated by physical co-deposition of Mg and Nb with the appropriate stoichiometry [102] . Various structures of Mg-Nb compounds calculated by DFT are shown in Figure 14 . Also V and its oxides improve significantly the H-sorption kinetics of Mg/MgH2 [103] [104] [105] . Mg and V do not form compounds and are strongly immiscible; therefore, thermodynamic tuning by alloying cannot be achieved. The formation of a ternary Mg6VHx hydride with fcc structure from a mixture of MgH2 and V was observed at high pressure (8 GPa) at 600 °C [106] . The free energy of the interfaces between Mg/MgH2 and V/VHx or Nb/NbHx are not know: I speculate that this may be an interesting subject for experimental and theoretical investigations.
Conclusions
In this review, I examined the thermodynamics of hydride formation and decomposition in nanomaterials, with particular emphasis on NPs (free or supported/embedded) and thin films. The results of calculations based on density functional theory were quantitatively compared with the Also V and its oxides improve significantly the H-sorption kinetics of Mg/MgH 2 [103] [104] [105] . Mg and V do not form compounds and are strongly immiscible; therefore, thermodynamic tuning by alloying cannot be achieved. The formation of a ternary Mg 6 VH x hydride with fcc structure from a mixture of MgH 2 and V was observed at high pressure (8 GPa) at 600 • C [106] . The free energy of the interfaces between Mg/MgH 2 and V/VH x or Nb/NbH x are not know: I speculate that this may be an interesting subject for experimental and theoretical investigations.
In this review, I examined the thermodynamics of hydride formation and decomposition in nanomaterials, with particular emphasis on NPs (free or supported/embedded) and thin films. The results of calculations based on density functional theory were quantitatively compared with the experimental values of the reaction enthalpy and entropy in Mg-based metallic nanomaterials. The major points emerged from this comparison are summarized in the following.
• (9) and (10), the essential parameter of which is the difference ∆γ between the specific interface free energy in the hydride and in the metal phase [49] . The experimental value for Mg/MgH 2 films sandwiched within TiH 2 is ∆γ = 0.33 J/m 2 , while calculations give ∆γ (0 K) = ∆h ≈ 0.5-0.6 J/m 2 . The difference may be due to the negative entropic contribution −T∆σ. At 90 • C, in a 2 nm film, the measured thermodynamical bias was (δ∆G 0 ) int = 4.6 kJ/mol H 2 , corresponding to a 5-fold pressure increase.
A similar effect was observed in MgH 2 clusters embedded in a TiH 2 matrix.
•
Calculations and experimental data on the interface/surface entropy are lacking. Knowledge of the ∆σ of interfaces between metal hydrides and different materials may prove useful for the tailoring of their thermodynamics. I suggest that this may be a prolific research direction both to improve the current understanding of nanoscale thermodynamics and to better control hydride properties towards applications.
In order to prove the destabilization of the hydride it is necessary to measure the desorption plateau. In a truly destabilized hydride, an upward shift should be observed. Conversely, in Mg nanostructures, an upward shift of only the absorption plateau was frequently reported [33] [34] [35] . This may simply be caused by a large pressure hysteresis. Any destabilization claims and any enthalpy/entropy results based solely on the absorption plateau pressures are unreliable.
In elastically constrained systems, the stresses that build up during volume expansion exceed the yield point of the material, leading to plastic rather than elastic strain. Plasticity is coupled with a large pressure hysteresis. The bias associated with the small elastic strain induces only a tiny shift of the average equilibrium pressure [35, 68] . For this reason, a practical destabilization of MgH 2 by elastic constraint has not yet been achieved.
• The spatial distribution of phases in small nanoparticles that individually undergo reaction schemes (13)- (15) is relatively unexplored. I believe that this may be a fruitful subject for future structural/thermodynamic calculations and experiments. • TiH 2 is an excellent partner of Mg/MgH 2 , making it possible to grow quasi-free films and composite NPs with very small hysteresis. Furthermore, it greatly speeds up the hydrogen sorption kinetics. Further studies are needed in order to unravel the detailed microscopic mechanisms behind its "catalytic" action.
